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With infrared spectroscopy we studied the bulk electronic properties of the topological antifer-
romagnet MnBi2Te4 with TN ≃ 25 K. With the support of band structure calculations, we assign
the intra- and interband excitations and determine the band gap of Eg ≈ 0.17 eV. We also obtain
evidence for two types of conduction bands with light and very heavy carriers. The multiband free
carrier response gives rise to an unusually strong increase of the combined plasma frequency, ωpl,
below 300 K. The band reconstruction below TN , yields an additional increase of ωpl and a splitting
of the transition between the two conduction bands by about 54 meV. Our study thus reveals a
complex and strongly temperature dependent multi-band low-energy response that has important
implications for the study of the surface states and device applications.
The focus in the research on topological quantum ma-
terials [1–4] has recently moved on to systems with mag-
netic order which enable a variety of field-controlled
quantum states [5–13], like the quantum anomalous Hall
(QAH) effect [6–8], the topological axion state [9–12], and
Majorana fermions [2, 13]. Such materials have been ob-
tained, e.g. by creating heterostructures from magnetic
and topological materials or by adding magnetic defects
to topological materials. With the latter approach, the
QAH effect has been realized for the first time in Cr-
doped (Bi,Sb)2Te3 films [7]. The ideal candidates, how-
ever, are bulk topological materials with intrinsic mag-
netic order for which various problems inherent to thin
film growth and defect engineering can be avoided.
A promising candidate is MnBi2Te4 (MBT) which is
a topological insulator with A-type antiferromagnetic
(AFM) order as predicted by theory [14–17] and re-
cently confirmed by experiements [18–31]. Notably, the
bulk AFM transition at TN ≃ 25 K has been predicted
to strongly affect the electronic states at the (0001) sur-
face, since it creates a gap on the Dirac cone [14–16, 18].
Moreover, for thin films the topological properties should
depend on the number of MBT layers such that an axion
insulator or a QAH insulator appears for even and odd
numbers, respectively [14, 15]. A quantized Hall con-
ductance has indeed been observed in few layer MBT
films [26–28], albeit only in magnetic fields of 5 – 10
Tesla that change the magnetic order to a ferromagnetic
one [27, 28]. The properties of the surface of MBT single
crystals are also debated. For example, the formation of
a gap below TN of the Dirac cone at the (0001) surface is
seen in some angle-resolved photoemission spectroscopy
(ARPES) studies [18–21] but not in others [32–36]. This
calls for further studies of the surface structural and mag-
netic properties [33]. Likewise, the bulk-like low energy
excitations and their modification in the AFM state re-
main to be fully understood.
Here we study the bulk electronic properties of
MnBi2Te4 crystals with infrared (IR) spectroscopy. In
combination with band-structure calculations, we assign
the intra- and interband excitations and estimate the in-
verted bulk band gap and the chemical potential. We also
2study the excitations of the free carriers and determine
their plasma frequency. The latter has a surprisingly low
value and an unusual T dependence, with a pronounced
anomaly below TN . We show that this anomalous behav-
ior can be explained in terms of two conduction bands
with largely different effective masses. Below TN we also
identify a splitting of the transitions between the light
and heavy conduction bands (by about 54 meV) that
arises from the magnetic coupling between the conduc-
tion electrns and the localized Mn moments and agrees
with the one seen with ARPES [34–37]. This information
about the multiband nature of the free carriers and their
low-energy excitations is a prerequisite for understand-
ing the plasmonic properties in the bulk as well as of the
surface states and their eventual device applications. In
the first place, it calls for attempts to reduce the defect
concentration and thus the n-type doping such that a
simpler single band picture applies.
Two batches of MBT single crystals were grown with
a flux method [31] at Sun Yat-Sen University (Sam-
ple A) and Beijing Institute of Technology (Sample B).
Both have a metallic in-plane resistivity with an anomaly
around TN ≃ 25 K, as shown in Fig. 1(a) for sample A.
The negative Hall-resistivity ρxy of sample A in Fig. 1(b)
indicates electron-like carriers with a concentration of
n = 1.7 × 1020 cm−3, in agreement with most previous
studies [21–23, 38, 39]. Details about the IR reflectiv-
ity measurements and the Kramers-Kronig analysis are
given in section A of the supplemental material (SM).
Figure 1(c) shows for sample A the temperature (T )
dependent reflectivity R(ω) up to 6 000 cm−1. The
inset shows the room temperature spectrum up to
50 000 cm−1. Below about 1 500 cm−1 there is a sharp
upturn of R(ω) toward unity that is characteristic of a
plasma edge due to the itinerant carriers. This plasma
edge shifts to higher frequency as the T decreases, in-
dicating an enhancement of free carrier density, n, or a
reduction of effective mass,m∗. Very similar spectra have
been obtained for sample B (see section B in the SM),
the following discussion is therefore focused on sample A.
Fig. 1(d) displays the T dependence of the real part
of the dielectric function ε1(ω). The spectra reveal an
inductive behavior with a downturn of ε1(ω) toward neg-
ative values at low frequency that is another hallmark of
a metallic response. The sharp features at 47, 84 and
133 cm−1 are IR-active phonons that are not further dis-
cussed here. The horizontal dashed line shows the zero
crossing of ε1(ω), which marks the screened plasma fre-
quency ωscrpl = ωpl/
√
ε∞, where ε∞ is the high-frequency
dielectric constant and ωpl =
√
ne2/ǫ0m∗ is the free car-
rier plasma frequency. The inset details the T depen-
dence of ωscrpl which reveals an unusually large increase
from about 750 cm−1 at 300 K to 880 cm−1 at 30 K.
There is also a sudden, additional increase below TN to
about 910 cm−1 at 10 K which provides a first spectro-
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Figure 1. (color online) (a) T -dependent resistivity of the
MnBi2Te4 sample A. The arrow marks the AFM transition
at TN ≃ 25 K. (b) Hall resistance Rxy of sample A at 30 K.
(c) T dependence of the reflectivity up to 6 000 cm−1. Inset:
Spectrum up to 50 000 cm−1at 300 K. (d) T dependence of
the real part of the dielectric function ε1(ω). Inset: Screened
plasma frequency obtained from the zero crossing of ε1(ω).
scopic indication that the AFM order has a pronounced
effect on the electronic properties.
Figure 2(a) displays the T dependence of the real
part of the optical conductivity σ1(ω) up to 8 000 cm
−1.
The inset shows the 300 K spectrum up to 50 000 cm−1
which is dominated by two interband transitions with
bands around 12 500 and 20 000 cm−1, in agreement with
Ref. [40]. The optical response below 8 000 cm−1 con-
sists of a Drude peak with a tail extending to about
2 000 cm−1 that is well separated from the onset of strong
interband transitions above 3 000 cm−1. The Drude peak
grows upon cooling, consistent with the increase of ωscrpl
in Fig. 1(d). The dc conductivity data at 10 and 300 K
from Fig. 1(a) (squares on the y-axis) agree with the
zero-frequency extrapolation of σ1(ω). The width of the
Drude peak of about 500 cm−1 is nearly T independent
and much larger than e.g. in Bi2Te3 [41]. The scatter-
ing thus seems to be dominated by disorder effects e.g.
due to Mn-Bi antisite defects [19]. The T dependence of
the onset of the strong interband transitions, Edir, that
are most likely direct transitions across the band gap, Eg,
between the valence band (VB) and the conduction band
(CB), has been obtained with a linear extrapolation of
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Figure 2. (color online) (a) T -dependent optical conductiv-
ity of MnBi2Te4 up to 8 000 cm
−1. The symbols on the y
axis denote σDC at 10 and 300 K from the transport data in
Fig. 1(a). Inset: Spectrum up to 50 000 cm−1 at 300 K. (b)
T -dependent spectra of ǫ22(ω). The dashed line shows a linear
extrapolation towards the zero crossing of ǫ22(ω) to obtain the
onset of the direct interband transitions, Edir. (c) T depen-
dence of the spectral weight for different cut-off frequencies.
(d) T dependence of Edir.
ǫ22(ω), as shown in Fig. 2(b). It increases toward low T ,
but decreases suddenly below TN [see Fig. 2(d)].
The spectral changes have been further analyzed by
calculating the evolution of the spectral weight (SW),
S(ωc) =
∫ ωc
0 σ1(ω)dω, for different cut-off frequencies
ωc. Figure 2(c) shows the T dependence of the ratio
S(ωc, T )/S(ωc, T = 300 K) at representative cut-offs. At
ωc = 500 and 2 000 cm
−1, where the free carrier response
dominates, the SW increases towards low T and exhibits
an additional upturn below TN , in agreement with the
trend of ωscrpl in Fig. 1(d). At the higher cutoffs, this in-
crease becomes less pronounced until at ωc = 8000 cm
−1
(1 eV) it is almost constant. This confirms that the SW
redistribution is confined to energies below 1 eV.
Next, we analyze in more detail the response below
2 000 cm−1 which contains besides the Drude response a
weak band due to a low-energy interband transition. This
is evident in Fig. 3(b) which displays the σ1(ω) spectrum
at 30 K together with a Drude-Lorentz fit. It reveals
a band centered around 1 100 cm−1 that overlaps with
the tail of the Drude response. The fit function contains
two Drude-terms with different plasma frequencies and
scattering rates of ωpl,1 = 6215 cm
−1, 1/τ1 = 520 cm−1
and ωpl,2 = 1870 cm
−1, 1/τ2 = 150 cm−1, respectively.
The band at 1 100 cm−1 is described by a Lorenz func-
tion. Details about the Drude-Lorentz analysis are given
in section C of the SM.
Fig. 3(a) shows a schematics of the band structure in
the vicinity of the chemical potential that is consistent
with our optical data, with our band calculations along
the Γ–Y direction (see setion E in the SM) and also with
reported ARPES data [33–35]. In addition to a pair of
conduction and valence bands that is forming an inverted
band gap (CB1 and VB1), it contains a second conduc-
tion band (CB2) that is located slightly above CB1 and
has a very flat bottom and thus a very large effective
mass. As shown in the following, our optical data suggest
that the chemical potential, µ, is crossing both CB1 and
CB2 (at low temperature). This assignment is consistent
with the use of two Drude-peaks in fitting the low-energy
response in the previous paragraph. It also accounts for
the weak band around 1 100 cm−1 in terms of the in-
terband transitions between CB1 and CB2 (red arrow).
The optical excitations at higher energy involve transi-
tions across the direct band gap Eg, from the VB to the
empty states in CB1 and CB2, as illustrated in Fig. 3(a)
by the orange arrows. Note that if µ would not be cross-
ing CB2, the transition between the top of VB1 and the
bottom of CB2, which are both rather flat and optically
allowed, would give rise to a strong peak near Edir that is
clearly not seen in the spectra of Fig. 2(a). On the other
hand, a pronounced peak around 3 350 cm−1 (415 meV)
has been observed in the corresponding spectra which
were taken on the as grown surface of the same sample
(see section D in the SM). This implies that for the as
grown surface the chemical potential is somewhat lower,
such that it falls below CB2. Such a reduction of the
free carrier concentration might be caused, for example,
by the localization of carries on extrinsic defects or by a
lower concentration of intrinsic defects that are respon-
sible for the n-type doping.
With this band assignment, we can estimate for the
cleaved MBT surfaces the low-T value of the chemical
potential µ by using the expressions µ = ~2k2F /2m
∗ =
(~2/2m∗)(6π2n/gsgb)2/3, with the Fermi-vector kF , the
carrier density n = 1(2pi)3
4
3πk
3
F gsgb, and the spin and
band degeneracies gs = 2 and gb = 2 [15, 16, 42]. Using
n1 = 0.517 × 1020 cm−3 and n2 = 1.183 × 1020 cm−3
(see section C in the SM), as well as m∗1 = 0.12 me and
m∗2 = 3 me according to the band structure calculations
(see section E in the SM), we derive µ1 = 0.266 eV and
µ2 = 0.019 eV for CB1 and CB2, respectively. Accord-
ingly, with an estimate of Edir ≃ 0.415 eV for the direct
interband transition between VB1 and CB2 around the
Γ point, we derive a band gap of Eg ≈ Edir + µ2 − µ1 =
0.17± 0.02 eV at 30 K (as explained in section F of the
SM, the largest uncertainty arises from the estimate of
µ2), which agrees well with the reported values from band
calculations and ARPES [15–21, 33–35].
Next, we focus on the band reconstruction below TN ,
especially on the anomalous changes of the interband
transition at 1 100 cm−1 which provide evidence for a
magnetic splitting of CB1. In the paramagnetic state the
σ1(ω) spectra in Fig. 3(c) exhibit a monotonic increase in
this frequency range that arises mainly from the growth
of the Drude SW, as shown in Figs. 1(d) and 2(c). Below
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Figure 3. (color online) (a) Schematic of the band structure of MnBi2Te4 in the paramagnetic (upper) and AFM (lower panel)
states. (b) Drude-Lorenz fit of the conductivity at 30 K around the lowest interband-transition. (c) T -dependent spectra
showing the anomaly below TN ≃ 25 K. (d) Difference plots of σ1(ω) and corresponding fit of the band splitting. (e) Lorenz
fits of the low-energy interband transitions at 30 and 10 K and of the split bands at 10 K. T dependence of (f) the position
and (g) the spectral weight of the split bands.
TN , this trend is suddenly interrupted, i.e. σ1(ω) de-
creases from about 500 to 1 200 cm−1 whereas it gets
anomalously enhanced between 1 200 and 2 000 cm−1.
These anomalous changes, that are detailed in Fig. 3(d)
in terms of the difference spectrum of σ1(ω) at 30 and
10 K, are characteristic of a splitting of the conduc-
tion band CB1 into CB1a and CB1b, as indicated in
the lower panel of Fig. 3(a). This band splitting, which
is caused by the exchange interaction of the conduction
electrons with the Mn moments which lifts the band de-
generacy due to the unit cell doubling in the AFM state,
is also seen in recent ARPES studies [34–37]. Note that
the magnetic splitting of CB2 is assumed to be much
smaller and thus is neglected. This assumption is sup-
ported by ARPES data [34–37], and also by the com-
parison of the density of states at the Fermi-level de-
rived from our optical data with the Korringa-slope of
the ESR data in Ref. [18], as outlined in section H of
the SM. The red line in Fig. 3(d) confirms that the spec-
tral changes below TN arise from a corresponding split-
ting of the interband transitions from CB1a to CB2 and
CB1b to CB2. It has been obtained with the function:
∆σ1(ω) = La(ωa, γa, Sa) + Lb(ωb, γb, Sb) − L(ω0, γ, S),
for which L represents the Lorentz function and the sub-
scripts a and b denote the interband transitions from the
split bands, for which we assume |ωa − ω0| = |ωb − ω0|,
γa = γb = γ and S
2
a + S
2
b = S
2. The parameters
in the paramagnetic state have been obtained from a
Drude-Lorentz fit at 30 K. The contribution of the in-
dividual bands CB1a and CB1b are shown in Fig. 3(e).
The red line in Fig. 3(d) shows that this band splitting
model allows us to reproduce the S-shaped feature of
σ1(ω, 10 K) − σ1(ω, 30 K). An additional contribution
that arises from a much weaker and almost featureless
T dependent change of the background, that occurs also
above TN , has been corrected using the difference be-
tween 30 and 50 K (olive line). The full T dependence of
ωa and ωb below TN is displayed in Fig. 3(f). It shows
that the band splitting amounts to 54 meV at 10 K and
is almost symmetric with respect to the band position
at 30 K. Fig. 3(g) displays the corresponding spectral
weights S2a and S
2
b which exhibit a weak anisotropy that
is consistent with the band splitting model. Note that
the splitting of CB1 also accounts for the anomalous de-
crease of Edir below TN , since it reduces Eg.
Finally, we return to the unusually large increase of ω2pl
towards low T and its pronounced anomaly below TN .
The ∼ 20% increase between 300 and 30 K can hardly
arise from a volume contraction effect that would imply
a giant expansion coefficient of 4 × 10−3K−1. Likewise,
the anomalous increase of ω2pl below TN would require
unrealistically large magneto-striction effects. Instead,
we propose that the strong increase of ω2pl toward low T
results from an exchange of conduction electrons between
the light and very heavy states in CB1 and CB2 [43–47].
Due to their largely different effective masses, the distri-
bution of electrons is strongly dependent on the relative
position of CB1 and CB2 with respect to the chemical
potential. Accordingly, the T dependence of the chemi-
cal potential accounts for the observed change of ω2pl in
the paramagnetic state (see section F in the SM). The
anomalous increase of ω2pl below TN requires in addition
a small shift of the center of CB1a and CB1b against
CB2 of ∼ 10 meV (see section G in the SM). Note that
5the corresponding effect of the magnetic slitting of CB1a
and CB1b is weaker and of the opposite sign (see section
G in the SM).
At last, we mention that for the majority of degen-
erate doped narrow gap semiconductors ωpl exhibits a
much weaker T dependence and usually decreases upon
cooling due to the freeze-out of carriers. Interestingly,
another rare exception, for which ω2pl exhibits a similarly
strong increase toward low T , is Bi2Te3. While the sam-
ples studied in Ref. [48] where hole doped, in analogy to
MBT, they may also have light and very heavy valence
electrons.
In summary, we determined the bulk, optical proper-
ties of the AFM topological insulator MnBi2Te4. In com-
bination with band structure calculations, we assigned
the intra- and interband excitations and obtained a bulk
band gap of Eg ≈ 0.17 eV. We also provided evidence
for two conduction bands with largely different effec-
tive masses of 0.12 and 3 me and chemical potentials
of 0.266 and 0.019 eV (at 30 K). A T dependent trans-
fer of electrons between these conduction bands and the
subsequent change of the average effective mass, can ac-
count for an unusually strong T dependence of the free
carrier plasma frequency, ωpl. Below TN ≃ 25 K, we ob-
served clear signs of a band reconstruction in terms of
an additional, anomalous increase of ωpl and a splitting
of the transition between the conduction bands. This
detailed information about the bulk band structure and
the multi-band charge carrier response is a prerequisite
for the understanding of the plasmonic properties of the
bulk and surface states and their device applications.
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6A: Reflectivity measurement, Kramers-Kronig
analysis, and Hall resistivity data
The in-plane reflectivity R(ω) of MnBi2Te4 was mea-
sured at a near-normal angle of incidence using a Bruker
VERTEX 70v Fourier transform infrared spectrometer.
An in situ gold overfilling technique [49] was used to ob-
tain the absolute reflectivity. As shown in Figure S1(a),
the reflectivity spectra have been measured over a very
broad frequency range from 30 to 12 000 cm−1 on a
freshly cleaved sample surface by using a series of com-
binations of sources, beamsplitters and detectors. The
reflectivity spectra at different temperatures from 300 to
7 K were collected with an ARS-Helitran cryostat. Fig-
ure S1(a) also shows the raw spectra measured for differ-
ent frequency ranges at 10, 30 and 300 K. It is evident
that all spectra exhibit the same temperature dependence
and are overlapping very well in the region where the
spectra have been connected to perform the Kramers-
Kronig analysis. This confirms the accuracy and repro-
ducibility of the measured reflectivity spectra.
The optical conductivity σ1(ω) was obtained from a
Kramers-Kronig analysis of R(ω) [50]. For the low-
frequency extrapolation we used a Hagen-Rubens func-
tion R = 1 − A√ω. On the high-frequency side, the el-
lipsometry data were used, for which the spectrum in the
near-infrared to ultraviolet range (4 000 – 50 000 cm−1)
was measured at room temperature with a commercial
ellipsometer (Woollam VASE), and the Kramers-Kronig
analysis was anchored by the room temperature ellipsom-
etry data, as shown by the spectra in Figure S1(b).
In Fig. S2, we show the Hall resistivity data for
MnBi2Te4 at 30 K that were taken on two different pieces
of sample A from the same growth batch. Both sam-
ples exhibit a negative Hall resistivity with a linear slope
from which we obtain conduction electron densities of
1.7× 1020 cm−3 and 1.9× 1020 cm−3, respectively. This
confirms that the Hall-effect data are quite reproducible
and accurate.
B: Optical data of MnBi2Te4 collected on Sample B
The optical data of MnBi2Te4 sample B were measured
under the same conditions as reported for sample A in
the main text. Fig. S3 shows the temperature dependent
optical data in the terms of the reflectivity [Fig. S3(a)],
the real part of the dielectric function [Fig. S3(b)], and
the real part of the conductivity [Fig. S3(c)]. The optical
spectra are very similar to those of sample A as reported
in the main text, further confirming the reproducibility
and reliability of the measured spectra.
C: Drude-Lorentz analysis
We performed a quantitative analysis of the low-energy
part of the σ1(ω) spectra of sample A by fitting with the
following Drude-Lorentz model.
σ1(ω) =
2π
Z0
[∑
j
ω2pl,j
ω2τj +
1
τj
+
γω2S2
(ω20 − ω2)2 + γ2ω2
]
, (1)
where Z0 is the vacuum impedance. The first term with a
sum of two Drude terms describes the response of the itin-
erant carriers in the two conduction bands CB1 and CB2,
each characterized by a plasma frequency ωpl,j and a
scattering rate 1/τj. The second term denotes a Lorentz
oscillator with the resonance frequency ω0, line width γ
and oscillator strength S, that accounts for the interband
transitions between CB1 and CB2.
In a first attempt, trying to reduce the fitting parame-
ters, we used a single Drude band and the Lorentz band.
Figures S4(a) shows the corresponding Drude-Lorentz fit
(red line) to the low-energy part of the σ1(ω) spectrum
at at 30 K (black curve). Also shown are the contribu-
tions of the Drude term (cyan line) and the Lorentz term
(purple line) due to the free carriers and the low energy
interband transition. An additional contribution from
infrared active phonons is shown by the gray line. The
obtained plasma frequency and scattering rate at 30 K
are ωpl = 6300 cm
−1 and 1/τ = 450 cm−1, respectively.
Using the squared plasma frequencies, ω2pl = ne
2/ǫ0m
∗,
as a measure of the ratio of the free carrier density n, and
the effective mass m∗ and with n = 1.7× 1020 cm−3, as
obtained from the Hall data at 30 K, we derive an effec-
tive mass of the conduction electrons of m∗ ≃ 0.38 me.
Such a large value of the effective mass disagrees with
the band structure calculations in section E which pre-
dict a much smaller effective mass of the lowest conduc-
tion band CB1 of m∗1 = 0.12 me. As discussed in the
main text, this discrepancy can be resolved by taking
into account an additional contribution from the second
conduction band CB2 that has very heavy carriers with
m∗2 = 3 me.
To account for the presence of the two conduction
bands CB1 and CB2, we have fitted the spectra with
the function in equation (1) using two Drude-terms. Fig-
ure S4(b) shows that the two-Drude-model fit (red line)
to the spectrum at 30 K (black line) yields a better
description in very low energy range than the single-
Drude fit in Figure S4(a). As is also described in the
main text, the obtained parameters of the two Drude
terms are ωpl,1 = 6215 cm
−1, 1/τ1 = 520 cm−1 and
ωpl,2 = 1870 cm
−1, 1/τ2 = 150 cm−1, for CB1 and CB2,
respectively. With n1 + n2 = n = 1.7 × 1020 cm−3
taken from the Hall-data and the combined plasma
frequency of CB1 and CB2, ωpl =
√
ω2pl,1 + ω
2
pl,2 =√
n1e2/ǫ0m∗1 + n2e2/ǫ0m
∗
2 = 6490 cm
−1, where m∗1 =
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Figure S1. (color online) (a) Reflectivity spectra of MBT measured for different frequency ranges with a Fourier transform
infrared reflectometer and with a grating-based spectroscopic ellipsometer (blue line). (b) Comparison of the σ1(ω) spectrum
at 300K in the range up to 25 000 cm−1 as obtained from the ellipsometry data (blue lines) and a Kramers-Kronlig analysis of
the reflectivity data.
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Figure S2. (color online) Hall resistivity data on different
pieces of sample A for MnBi2Te4 at 30 K.
0.12 me and m
∗
2 = 3 me according to the band struc-
ture calculations in section E, we derive the carrier
concentrations of n1 ≃ 0.517 × 1020 cm−3 and n2 ≃
1.183 × 1020 cm−3 for CB1 and CB2, respectively. Al-
ternatively, with the partial plasma frequency ωpl,1 =√
n1e2/ǫ0m∗1 = 6215 cm
−1 and ωpl,2 =
√
n2e2/ǫ0m∗2 =
1870 cm−1, we obtain n1 ≃ 0.518× 1020 cm−3 and n2 ≃
1.172 × 1020 cm−3 for CB1 and CB2, respectively, and
thus n1+n2 = 1.69× 1020 cm−3 ≈ n = 1.7× 1020 cm−3.
The good agreement of both estimates confirms the self-
consistency of our fitting approach with two Drude bands
from two conduction bands with light and very heavy
electrons, the effective mass from band calculations, and
the carrier concentration from the Hall data.
Next, we discuss the T dependence of the obtained
fit parameters in the paramagnetic state above TN
for the single-Drude as well as the two-Drude models.
Figs. S4(a1–a5) show the T dependence of the fit param-
eters for the single Drude model. It yields a nearly T
independent scattering rate that is also evident from the
nearly equal width of the σ1(ω) spectra in Fig. S4(c).
Accordingly, to reduce the number of fit parameters and
to avoid a mixing of spectral weight as the width of the
latter increases toward high T , we have fitted the T de-
pendent spectra with a fixed scattering rate as obtained
at 30 K. Figures S4(b1–b5) show the corresponding T de-
pendent fit parameters as obtained with the two-Drude
model where again the scattering rates have been fixed to
the value at 30 K. Figure S4(b1) shows the T dependence
of the normalized Drude weights ω2pl(T )/ω
2
pl(T = 300 K).
As described in the main text, the total Drude weight in-
creases towards low T and grows by about 20% between
300 and 30 K. Notably, the partial Drude weights of
CB1 and CB2 exhibit opposite T dependent trends, i.e.
whereas the Drude weight of CB1 increases toward TN
the one of CB2 decreases. This behavior is consistent
with our interpretation, as described in the main text
and in section F, that electrons are transferred from CB2
to CB1 as T is reduced.
D: Additional peak around 3 350 cm−1in the spectra
on the as-grown surface
Figures S5(a) and S5(b) show the raw spectra mea-
sured in the mid-infrared range on an as-grown surface
for two different pieces of sample A. In both cases we
observe a strong additional peak around 3 350 cm−1 that
does not show up in the corresponding spectra taken on
cleaved surfaces of the same sample A. This peak has
been reproduced on several as grown surfaces and appar-
ently is intrinsic to the sample properties rather than just
an artefact or a dirt effect. Figure S5(c) shows the corre-
sponding optical conductivity σ1(ω) at the as grown sur-
face that has been obtained from a preliminary Kramers-
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Figure S3. (color online) (a) Temperature dependence of the reflectivity spectra up to 6 000 cm−1 for MnBi2Te4 collected on
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Kronig analysis using the reflectivity data that cover only
a limited frequency range. It reveals a pronounced peak
peak around 3 350 cm−1. This additional peak can be
naturally explained, as shown by the sketch in the inset
of Fig. S5(c), if the Fermi level at the as-grown surface
is slightly reduced as compared to the one of the cleaved
surface, such that it is located below CB2. In this case,
the interband transitions between the top of VB1 and the
bottom of CB2 are allowed and yield a pronounced peak
since both bands are rather flat giving rise to a high joint
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Figure S5. (color online) (a–b) Reflectivity spectra in the mid-infrared frequency range of MnBi2Te4 measured on as-grown
surfaces of sample A. (c) Corresponding spectra of the optical conductivity of MnBi2Te4 as derived from a preliminary Kramers-
Kronig analysis using reflectivity spectra that cover only a limited frequency range. Inset: Schematic of the band structure of
MnBi2Te4 around the Fermi-level showing the origin of the pronounced peak around 3 350 cm
−1.
density of states. In the future, this assignment could be
confirmed with optical studies on cleaved surface of sam-
ples with a much lower carrier concentration than for our
samples A and B.
E: Effective mass from band structure calculations
and band degeneracy
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Figure S6. (color online) Schematics of the calculated bulk
band dispersion of MnBi2Te4 along ΓY and ΓL in the AFM
state.
As shown in Fig. S6, the calculations of the band struc-
ture (details are described in Ref. [40]) in the AFM state
yield two “split-type” light electron conduction bands
with electron effective masses of 0.09 and 0.15 me for the
lower (black) and upper one (red), respectively. In the
paramagnetic state these two bands are degenerate and
therefore described in the manuscript as a single band
with an average effective mass of 0.12 me (CB1). Note
that this double degeneracy (gb = 2) is a consequence of
the combined inversion and time-reversal symmetry (PΘ
symmetry) as described in Ref. [15, 16, 42] and applies
to all bands in the paramagnetic state. The splitting of
CB1 in the AFM state, into a lower band with 0.09 me
(CB1b) and an upper one with 0.15 me (CB1a), which is
predicted to amount to approximately 80 meV, is a con-
sequence of the broken P symmetry that arises from the
exchange interaction of the conduction electrons with the
localized Mn spins for which the unit cell in the A-type
AFM state is doubled along the c-axis. This magnetic
interaction thus lifts the band degeneracy (gb = 1) but
maintains the spin degeneracy (gs = 2) of CB1a and
CB1b. There is also a third band of heavy electrons
with very small dispersion and a very large effective mass
around 3 me that is denoted in the main test as CB2.
Since the exchange interaction of its carriers with the
localized Mn moments is assumed to be very weak we
describe it even in the AFM state in terms of a single
band with gb = 2 and gs = 2. Finally, the estimate of
the hole mass of the valence band is about 0.28 me.
Effective masses of electrons and holes were estimated
by fitting parabola to the calculated dispersion of the
electron bands around the Γ point in the directions Γ–
Y and Γ–L of the Brillouin zone of MnBi2Te4. Note
that the Γ–Y direction lies exactly in the layer plane, as
is required to account for the optical transitions in the
experimental data for which the polarization vector of the
incident light is parallel to the layer plane (perpendicular
to the c-axis) of the MBT crystal.
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F: Multi-band approach to describe the T dependent
redistribution of electrons from CB2 to CB1
The density of states D(E) of the conduction electrons
of an n-type doped three dimensional material is given
by
D(E) =
gsgb
4π2
(
2m∗
~2
)3/2
√
E − Ec, (2)
where Ec is the conduction band edge. At finite temper-
ature the Fermi-Dirac distribution is given by
f(E) =
1
1 + e(E−EF )/kT
, (3)
where EF = µ (T = 0 K) is the Fermi energy and µ the
chemical potential. Accordingly, the carrier density at
finite temperature is given by
n =
gsgb
4π2
(
2m∗
~2
)3/2
∫ ∞
Ec
√
E − Ec
1 + e(E−EF )/kT
dE. (4)
With the definitions ν = (EF − Ec)/kT ≡ µ/kT and
y = (E − Ec)/kT , this integral can be rewritten in the
normalized form:
n = nc
gsgb√
π
∫ ∞
0
√
y
1 + ey−ν
dy ≡ nc gsgb√
π
F1/2(ν). (5)
where the “effective” density of states in the conduction
band is
nc = 2(
m∗kT
2π~2
)3/2 = 2.51×1019×[m
∗
me
]3/2×[ T
300 K
]3/2cm−3,
(6)
and F1/2(ν) is known as the Fermi-Dirac integral of order
1/2 (referring to the y1/2 in the numerator).
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Figure S7. (color online) Schematics of the thermal broad-
ening of the Fermi-edge and the related T dependent shift of
the chemical potential between 30 and 300 K.
For the two conduction bands of MnBi2Te4, CB1 and
CB2, the total carrier density at finite temperature thus
can be written as:
n(T ) = n1(T ) + n2(T ) (7)
with
n1(T ) = gsgb
2√
π
(
m∗1kT
2π~2
)3/2
∫ ∞
0
√
y
1 + ey−
µ1
kT
dy. (8)
and
n2(T ) = gsgb
2√
π
(
m∗2kT
2π~2
)3/2
∫ ∞
µ1−µ2
kT
√
y
1 + ey−
µ1
kT
dy. (9)
By substituting m∗1 = 0.12 me and gsgb = 4 into Eq. (8),
as shown in Fig. S8(a), we can plot the carrier density
of CB1 at 30 and 300 K as a function of µ1 (µ1 ≡ EF −
ECB1). In section C, we have obtained the carrier density
of CB1 at 30 K of n1(30 K) ≃ 0.517 × 1020 cm−3. By
using the value n1(30 K), we can determine µ1(30 K) =
265 meV.
Note that in Eq. (9) µ1−µ2 defines the relative position
of CB2 with respect to CB1. Since in MnBi2Te4 there
is a splitting of CB1 below TN ≃ 25 K, in the following
calculations we use µ1(T = 30 K)−µ2(T = 30 K) as the
relative position of CB2 and CB1.
Similarly, by substituting m∗2 = 3 me, gsgb = 4, and
µ1(30 K) = 265 meV into Eq. (9), we can plot the car-
rier density of CB2 at 30 K as a function of µ2, as shown
by the blue line in Fig. S8(b). Furthermore, by using
n2(30 K) ≃ 1.183 × 1020 cm−3 obtained in section C,
we can determine µ2(30 K) = 2.37 meV. As shown in
Fig. S8(a) and Fig. S8(b), it is clear that the thermal
broadening of the Fermi-edge has a much stronger in-
fluence for the states in CB2 than for the ones in CB1.
As sketched in Fig. S7, upon increasing the temperature
(T ), the thermal broadening will give rise to a shift of
the chemical potential ∆µ(T ), according to
∆µ(T ) = µ1(30 K)− µ1(T ) = µ2(30 K)− µ2(T ) (10)
and
∆n(T ) = n1(30 K)− n1(T ) = n2(T )− n2(30 K). (11)
For the measured temperature range between 30 and 300
K, this yields
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Figure S8. (color online) (a) Carrier density n1 of the band CB1 as a function of µ1. (b) Carrier density n2 of the band CB2
as a function of µ2. Enlarged view of (a) and (b) showing the T dependent redistribution of electrons between CB2 and CB1.
0 50 100 150 200 250 300
-40
-20
0
20
220
240
260
280
0 50 100 150 200 250 300
0.3
0.4
0.5
1.2
1.3
1.4
0 50 100 150 200 250 300
0.9
1.0
1.1
1.2
1.3
1.4
CB1 (m*
1
 = 0.12 m
e
)
CB2 (m*
2
 = 3 m
e
)
 
 (m
eV
)
T (K)
(a)
CB1 (m*
1
 = 0.12 m
e
)
CB2 (m*
2
 = 3 m
e
)
(b)
n 
(1
02
0  c
m
-3
)
T (K)
 Exp. SW (
c
 = 500 cm-1)
 calculation
(c)
2 p(T
)/
2 p(3
00
K)
T (K)
m*
2
 = 3 m
e
m*
1
 = 0.12 m
e
Figure S9. (color online) (a) T dependent shift of the chemical potential for CB1 and CB2. (b) T dependence of the carrier
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n1(30 K)− n1(300 K)
n2(30 K)− n2(300 K) =
(
m∗1kT (30 K)
2pi~2 )
3/2
∫∞
0
√
y
1+e
y−
µ1(30 K)
kT (30 K)
dy − (m∗1kT (300 K)2pi~2 )3/2
∫∞
0
√
y
1+e
y−
µ1(30 K)−∆µ(300 K)
kT (300 K)
dy
(
m∗2kT (30 K)
2pi~2 )
3/2
∫∞
µ1(30 K)−µ2(30 K)
kT (30 K)
√
y
1+e
y−
µ1(30 K)
kT (30 K)
dy − (m∗2kT (300 K)2pi~2 )3/2
∫∞
µ1(30 K)−µ2(30 K)
kT (300 K)
√
y
1+e
y−
µ1(30 K)−∆µ(300 K)
kT (300 K)
dy
= −1.
(12)
By substituting m∗1 = 0.12 me, m
∗
2 = 3 me, µ1(30 K) =
265 meV, and µ2(30 K) = 2.37 meV into Eq. (12), we
obtain ∆µ(300 K) = 52.37 meV, and thus µ1(300 K) =
µ1(30 K) − ∆µ(300 K) = 212.63 meV, µ2(300 K) =
12
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Figure S10. (color online) (a) Carrier density n1 of CB1 as a function of µ1. (b) Carrier density n2 of CBa as a function of
µ2. Enlarged view of (a) and (b) showing the T dependent redistribution of electrons between CB2 and CB1.
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Figure S11. (color online) Effect of a reduced effective mass of the carriers in CB2 of m = 2 me on the T dependence of (a)
the chemical potentials of CB1 and CB2. (b) the carrier densities of CB1 and CB2, and (c) the ratio ω2pl(T )/ω
2
pl(300 K).
µ2(30 K) − ∆µ(300 K) = −50 meV, and ∆n(300 K) =
0.13957×1020cm−3 . Figure S8(c) and Figure S8(d) show
the full temperature dependence of the shift of the chemi-
cal potential and the subsequent redistribution of carriers
between CB1 and CB2. Accordingly, we obtain the ratio
of the corresponding free carrier plasma frequencies of
ω2pl(30 K)
ω2pl(300 K)
=
ω2pl,1(30 K) + ω
2
pl,2(30 K)
ω2pl,1(300 K) + ω
2
pl,2(300 K)
=
n1(30 K)
m∗1
+ n2(30 K)m∗2
(n1(30 K)−∆n(300 K))
m∗1
+ (n2(30 K)+∆n(300 K))m∗2
.
(13)
By substituting m∗1 = 0.12 me, m
∗
2 = 3 me, n1(30 K) ≃
0.517 × 1020 cm−3, n2(30 K) ≃ 1.183 × 1020 cm−3 and
∆n(300 K) = 0.13957× 1020cm−3 into Eq. (13), we thus
obtain
ω2pl(30 K)
ω2pl(300 K)
≃ 1.3. (14)
The full temperature dependence of the chemi-
cal potentials, the carrier densities and the ratio
ω2pl(T )/ω
2
pl(300 K) is displayed in Fig. S9.
These calculations show that the increase of ω2pl to-
ward low T , with a ratio between 30 and 300 K of
13
ω2pl(30 K)
ω2pl(300 K)
≃ 1.20, can be readily explained in terms of a
redistribution of electrons from CB2 to CB1 that arises
from sharpening of the Fermi-function and the related
increase of the chemical potential by ∆µ = 52.37 meV.
Note that such a shift of the chemical potential (above
TN) is consistent with the T dependence of Edir as shown
in Fig. 2(d) in the main text. The calculated value of the
increase of the ratio of the squared plasma frequency is
even somewhat larger (by about 10%) than the one seen
in the experiment. The agreement can still be considered
as very good, given the simplicity of the two band model
used in the calculations which does not take into account
the anti-crossing of CB1 and CB2 imposed by the crystal
symmetry that is evident in the band calculations [15, 16]
and also shown in the schematics in Fig. S7. It is also
possible that the value of the effective mass of the carriers
at the bottom of CB2 has been somewhat overestimated.
For such a flat band, it can indeed be expected that the
parabolic fitting procedure discussed in section E has a
sizeable error bar. As shown in Fig. S10 and Fig. S11,
we can obtain an excellent agreement between the ex-
perimental and the calculated values of the T dependent
increase of the plasma frequency if we reduce the effec-
tive mass of CB2 to a value of m∗2 = 2 me. Assuming
a value of m∗2 = 2 me, instead of m
∗
2 = 3 me, would
of course also affect the values of the other calculated
parameters. The recalculation, using the relationships
n1+n2 = n = 1.7×1020 cm−3 and ωpl =
√
ω2pl,1 + ω
2
pl,2 =√
n1e2/ǫ0m∗1 + n2e2/ǫ0m
∗
2 = 6490 cm
−1 at 30 K and the
input parameters m∗1 = 0.12 me and m
∗
2 = 2 me, yields
values n1(30 K) = 0.492×1020 cm−3, n2(30 K) = 1.208×
1020 cm−3, µ1(30 K) ≃ 256 meV, µ2(30 K) ≃ 6 meV,
∆µ = 38.5 meV between 30 and 300 K. These are still
consistent with our experimental data.
Finally, we remark that at high temperature, although
the chemical potential falls slightly below CB2, the states
near the bottom of CB2 are still occupied with a high
probability due to the thermal broadening of the Fermi-
function. It is thus not expected that the interband tran-
sitions from the top of VB1 to the bottom of CB2 gives
rise to a strong peak in the optical conductivity. The ex-
perimental data exhibit indeed only a gradual increase of
σ1(ω) in the relevant frequency range around 3500 cm
−1.
G: Redistribution of electrons between CB1 and
CB2 below TN
With respect to the changes below TN , the thermal
effects described in section F yield a 2% increase of ω2pl
that is considerably smaller than the 7% increase in the
experimental data and can also not reproduce the sudden
slope change around TN .
As outlined below, the anomalous increase of ω2pl below
TN can be explained in terms of a small increase of the
Momentum
T = TN
VB1
CB2
EF
CB1
Momentum
T << TN
Figure S12. (color online) Schematics of the T dependent
shift of the conduction bands CB1 and CB2 below TN . Note
that the splitting of CB1 TN is not shown here.
separation between CB1 and CB2.
To simplify the modeling, we neglect the thermal ef-
fects and use here the equations at T = 0 K. With
a parabolic band approximation for µ = ~2k2F /2m
∗
and the carrier density n = 1(2pi)3
4
3πk
3
F gsgb, we derive
µ = ~
2
2m∗ (
6pi2n
gsgb
)2/3 or n = gsgb6pi2 (
2m∗µ
~2
)3/2. For m∗1 =
0.12 me, n1 ≃ 0.517 × 1020 cm−3, m∗2 = 3 me, and
n2 ≃ 1.183 × 1020 cm−3, we obtained µ1 = 266 meV
and µ2 = 19 meV.
As sketched in Fig. S12, for a small increase of the
separation between CB1 and CB2 from TN to T ≪ TN ,
the chemical potentials of CB1 and CB2 are changing
from µ1 and µ2 at TN to µ1+∆µ1 and µ2−∆µ2 at T ≪
TN . Note that the splitting of CB1 below TN (into CB1a
and CB1b) is not considered here. The resulting transfer
of carriers from CB2 to CB1 is estimated according to:
n1(µ1)− n1(µ1 +∆µ1) = n2(µ2 −∆µ2)− n2(µ2). (15)
To explain an additional 5% increase of ω2pl below TN the
ratio of the plasma frequencies must be
ω2pl(T ≪ TN)
ω2pl(T ≃ TN )
=
n1(µ1 +∆µ1)/m
∗
1 + n2(µ2 −∆µ2)/m∗2
n1(µ1)/m∗1 + n2(µ2)/m
∗
2
= 1.05.
(16)
By substituting µ1 = 266 meV, m
∗
1 = 0.12 me, µ2 =
19 meV, and m∗2 = 3 me into equations (15) and (16),
we thus obtain ∆µ1 ≃ 10 meV and ∆µ2 ≃ 0.3 meV,
respectively. Accordingly, the required increase of the
separation between CB1 and CB2 below TN amounts to
∆µ1 +∆µ2 ≃ 10 meV.
At least, we consider the effect of the splitting of CB1
(into CB1a and CB1b) below TN which turns out to be
too small and of the wrong sign to explain the experi-
mental trend.
The carrier concentration of CB1 in the paramagnetic
state is taken as
n1 =
gsgb
6π2
(
2m∗1µ1
~2
)3/2, (17)
and in the AFM state (with the exchange splitting into
14
CB1a and CB1b) as
n1a+n1b =
gsgb/2
6π2
(
2m∗1aµ1a
~2
)3/2+
gsgb/2
6π2
(
2m∗1bµ1b
~2
)3/2.
(18)
By substituting µ1 = 0.266 eV, m
∗
1a = 0.15 me, m
∗
1b =
0.09 me, µ1a = 0.266− 0.027 eV, µ1b = 0.266+0.027 eV,
and gsgb = 4, we get n1a + n1b = 0.501 × 1020 cm−3 <
n1 = 0.516×1020 cm−3. Assuming a constant carrier con-
centration of CB1 in the paramagnetic and AFM states,
i.e. n1a + n1b = n1, this gives rise to a slight increase of
the Fermi-level ∆µ. In the presence of CB2, which has
a much larger effective mass and thus higher density of
states at the Fermi-level, such an increase of the Fermi-
level will be counteracted by a redistribution of electrons
from CB1 to CB2 according to, n1a(µ1a+∆µ)+n1b(µ1b+
∆µ) − n1(µ1) = n2(µ2) − n2(µ2 + ∆µ). By substitut-
ing µ1 = 0.266 eV, m
∗
1a = 0.15 me, m
∗
1b = 0.09 me,
µ1a = 0.266 − 0.027 eV, µ1b = 0.266 + 0.027 eV, µ2 =
0.019 eV, and m∗2 = 3 me, we get ∆µ = 0.15 meV and
∆n1 = −∆n2 = −0.015 × 1020 cm−3. Since the total
plasma frequency is dominated by the much lighter elec-
trons of CB1, the above described effect would give rise
to a ∼ 3% decrease of ω2pl below TN , as opposed to the
observed anomalous increase of ω2pl below TN .
H: Comparison with electron spin resonance (ESR)
data on MnBi2Te4
The Korringa slope of the relaxation rate in the param-
agnetic state of electron spin resonance (ESR) measure-
ments is defined as [51, 52]
b =
πkB
gµB
J2d−ceD
2(µ) (G/K) (19)
where kB = 8.62× 10−5 eV/K, µB = 5.79× 10−9 eV/G
and g = 2 (for the Mn2+ ion), Jd−ce is the exchange cou-
pling constant between the spins of the localized Mn 3d
and the conduction electrons, and D(µ) is the density of
states of the conduction electrons at the Fermi level. The
magnitude of Jd−ce thus can be estimated using the val-
ues of b and D(µ) as obtained from the ESR and optical
data,
Jd−ce = D−1(µ)
√
b
πkB/gµB
. (20)
D(µ) can be deduced according to
D(µ) =
V
4π2
(
2m∗
~2
)3/2
√
µ gsgb, (21)
using the values of the effective mass, m∗ and µ as
obtained from the optical data and the unit cell vol-
ume V = 665.1 A˚
3
= 6.651 × 10−28 m3 taken from
Ref. [19]. In addition, we have to account for the dif-
ference in the carrier concentrations (as determined from
the Hall-effect) of the crystals on which the ESR and op-
tics experiments have been performed. For the crystal
A of the optics experiment we obtained m∗1 ≈ 0.12 me,
m∗2 ≈ 3 me and µ1 ≈ 0.266 eV, µ2 ≈ 0.019 eV. Con-
sidering the spin- and band degeneracy gs = 2 and
gb = 2, respectively, of CB1 and CB2 we thus obtain
D(µ1 = 0.266 eV) = 0.19 states/eV/fu (formula unit)
and D(µ2 = 0.019 eV) = 6.47 states/eV/fu for CB1 and
CB2, respectively. Taking into account the lower carrier
concentration of n = 2× 1019 cm−3 [18], as compared to
n = 1.7×1020 cm−3 of our optics crystal A, and using the
relationship µ = (~2/2m∗)(6π2n/gsgb)2/3, we estimate
that the Fermi-level of the ESR sample crosses CB1 at
µ = 0.15 eV, whereas CB2 remains above the Fermi-level
(and thus empty). Note that this estimate agrees with
the ARPES data of the ESR sample that are shown in
Ref. [18]. With m∗ = m∗1 ≈ 0.12 me, we thus obtain
D(µ = 0.15 eV ) = 0.15 states/eV/fu. The ESR experi-
ment reported in Ref. [18], revealed a Korringa-relation
with a linear slope of the relaxation rate of b⊥ = 2.4 G/K
for H ⊥ c axis and b‖ = 7.3 G/K for H ‖ c axis, respec-
tively. Accordingly, we derive values of Jd−ce ≃ 70 and
120 meV, respectively, that are of the same order of mag-
nitude as the band splitting between CB1a and CB1b in
our optical data of 54 meV. This reasonable agreement,
given the uncertainties due to the rather large difference
in the carrier concentrations of the samples studied with
ESR and optics and the experimental error bars of the
various measured parameters, confirms our interpreta-
tion of the optical data in terms of an exchange splitting
of CB1 that is much larger than the one of CB2 (which
has been neglected in the main text). The much weaker
exchange coupling of the electrons in CB2 with the Mn
spins can also explain that despite the rather different
concentration of conduction electrons the various MBT
samples have very similar values of TN [18, 21–23, 38, 39],
since the former changes in carrier concentration mainly
affect the occupation of CB2.
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